Bacteriophage T5 is known to contain several unique single-strand interruptions in only one strand of the duplex DNA. Analysis of labeled parental phage DNA from infected Escherichia coli shows that these nicks are repaired in vivo to yield intact doublestranded molecules. Sealing begins at about 6 min after infection and is independent of DNA replication. Repair may be an ordered process that starts at a unique end of the molecule.
Bacteriophage T5 is a virulent DNA phage of Escherichia coli. T5 injects its DNA into a host cell by a two-step process (1) . Attachment of the phage to a sensitive cell is followed by injection of only 8% of the molecule [the first step transfer portion; (fst) ] (2) . This limited portion of the molecule must be transcribed and translated before the remainder of the molecule can be injected into the cell (3) . The presence of certain plasmids can make E. coli a nonpermissive host for T5. If a cell contains the collb factor, only the earliest (class I) TSspecific proteins are synthesized. Class II and class III phage genes which. include the genes necessary for DNA replication and phage assembly, respectively, are not expressed and the infection is abortive (4) .
The viral DNA is a linear, nonpermuted, double-stranded molecule of approximately 71 X 106 daltons (5) and is about 9% terminally repetitious (6) . This DNA contains a series of genetically determined (7) single-strand interruptions in only one chain of the duplex molecule (8) (Fig. 1) . The intact single strand has a molecular weight of 35.3 X 106, and the two largest fragments of the nicked strand have molecular weights of 17.2 X 106 and 14.5 X 101 (10) . The interruptions are only nicks in the phosphodiester backbone rather than gaps (with missing bases) because they can be repaired in vitro by the purified bacteriophage T4 polynucleotide ligase in the absence of a DNA polymerase (11) . The locations of the nicks have been mapped by various techniques including electron microscopy (8) and gel electrophoresis (10) , but their function in the viral growth cycle remains unknown.
The separation of the fragments obtained after alkaline denaturation of purified T5 DNA by agarose gel electrophoresis and their subsequent detection by autoradiography have been reported (5) . We have used these techniques to study T5 DNA obtained directly from lysates of infected cells to determine the fate of the nicks contained in parental phage DNA during in vivo T5 development. By infecting with 82P-labeled phage, the fate of parental DNA can be followed throughout the infection. Neither progeny viral nor host nucleic acids are seen in the autoradiograms. Parental T5 DNA has been examined after infection of noncolicinogenic cells, or colIb+ cells in which DNA replication fails to occur. The results presented here suggest that, shortly after the complete injection of the viral DNA, repair of the nicks occurs in both cell types. Repair, therefore, takes place prior to DNA replication and before the appearance of concatemeric forms. These experiments further suggest that repair may occur in a specific order.
MATERIALS AND METHODS
Bactera and Phage. E. coli K12 W3110 (thy-) was a gift from J. Cairns. E. coli K12 W3110 (thy-, colIb+) and bacteriophage T5st(0) have been described previously (4) .
Lysis of Infected Cells. At each time point, a 10-ml aliquot of infected cells was removed and viral metabolism rapidly stopped by a modification of the method of Miller and Kozinski (12) . Chloramphenicol was also present in the "stop mix" at 100 ,sg/ml of final concentration. The infected cells were pelleted in the cold and lysed by the procedure of Miller and Kozinski (12) . The lysis buffer was modified to also contain nicotinamide mononucleotide at 1 mg/ml (13 decrease ( Fig. 2A) . The changes observed on the autoradiograms are diagrammed in Fig. 2B .
To quantitate the changes in band intensities, a "sealing index" was calculated. The sealing index is defined as the ratio of the cpm contained in the 35.3 X 106 band to the total cpm in the 17.2 plus 14.5 X 106 bands. (Only these bands are used to determine the sealing index since they contain about 90% of the total T5 DNA.) To determine the radioactivity in each band, the dried gels were aligned on the autoradiograms and the regions containing the appropriate bands were cut out and counted. Fig. 3 shows a typical profile of the change of the sealing index that occurs during a viable infection. The number shown is the average value of the index obtained from both inside slices of each gel; duplicates usually agree within 5%.
Assuming uniform 32P-labeling of the parental phage DNA, the theoretical value of the index at 0 min should be equal to the ratio of the molecular weights of these species: 35.3+ (17.2 + 14.5) = 1.11. The value obtained in this experiment is 1.00 (Fig. 3) . The agreement between the theoretical and experimental results suggests that the techniques used to isolate and analyze the DNA from infected cells provide quantitative recovery of material from both the nicked and intact strands. It should be noted that the value of the sealing index is very sensitive to the age of the phage preparation. The older the stock and hence the more particles inactivated by 32P-decay, .the lower the value of the 0-min index. The relative increase of the sealing index during the infectious cycle is not affected by 32P-decay.
The complementary strands of some duplex DNA molecules can be separated in a CsCl gradient because of their differential affinity for poly(G) or poly(U,G) (15) . Hayward has shown that the complementary strands of several viral DNA molecules can also be separated by agarose gel electrophoresis. The strand which would exhibit the lower poly(G) binding capacity in a CsCl gradient migrates slightly more rapidly than the other strand to yield a doublet on the gel even though the molecular weights are the same (16) . Jacquemin-Sablon and Richardson have reported that, after in vitro repair, the normally nicked strand of T5 DNA has a slightly lower affinity for poly(U,G) than does the intact one (11) . In the experiments reported here, splitting of the 35.3 X 106 dalton band into a doublet occurred simultaneously with the sharp increase of the sealing index (Figs. 2 and 3 ). These findings are consistent with the proposal that new intact strands having a slightly lower poly(G) binding capacity are formed in tivo. The bands are of unequal intensity because some nicks remain unrepaired.
The kinetics of repair suggest that the sealing of the nicks is a normal physiological event. T5 transfers its DNA to a host cell in two steps. DNA injection is not complete until about 6 min after the initiation of viral metabolism (17) and, therefore, all the DNA would not be available to the repair enzyme prior to this time. In experiments where the viral DNA was examined between 0 and 5 min, the sealing index remained essentially unchanged. The index did not begin to increase until 5-6 min after infection (data not shown). DNA. To date, no larger species containing parental phage DNA have been detected during a normal infection. Experiments to investigate the origin of the dimer containing parental DNA are in progress.
At 14-17 min, parental DNA appears at the position labeled X in Fig. 2 . The structure of this material is not known at the present time. However, since it is not present prior to 14 min, its formation is probably dependent on DNA replication which begins at 8 min in T5-infected cells.
T5-infected colIb+ cells synthesize only the earliest (class I) phage proteins. All of the known class I functions are expressed normally. Transcription and hence translation of the class II and class III phage genes are blocked by the presence of the plasmid. Although degradation of the input viral DNA has not been detected, replication does not occur because the required class II phage enzymes are not synthesized (4) . Nevertheless, repair of the nicks contained in parental T5 DNA occurs in infected colIb+ cells (Fig. 4) . Fig. 3 shows the change of the sealing index after infection of the colicinogenic cells. Since parental DNA is converted neither to concatemeric forms nor to the species designated X in Because sealing occurs in collb+ cells in the absence of replication or conversion of the DNA to other forms, it is possible to obtain more accurate estimates of the recovery of radioactivity from this type of experiment. The total recovery of counts from both inside slices of the individual gels shows some variation but suggests that the increase of the sealing index is not the result of selected degradation of some viral DNA species (Table 1 ).* Also, repair cannot be the result of in vitro repair by the E. coli polynucleotide ligase. Nicotinamide mononucleotide which is an inhibitor of this host enzyme (13) was present throughout the lysis procedure.
DISCUSSION
Within a few minutes of the complete transfer of the T5 genome to the cell, the single-strand breaks in the polynucleotide backbone are repaired in both noncolicinogenic and colicinogenic cells. Because sealing can be detected in vivo, support is given to the proposal that the nicks in the T5 DNA exist inside the phage head and that they are not introduced during purification of the DNA as has been suggested (20) . The mechanism of the restriction of T5 by the collb factor is not understood, but we have assumed that this plasmid has no direct effect on the structure of the DNA. Several T5 mutants which are resistant to the action of the colIb factor have been isolated in this laboratory. Within the limits of resolution of the gel techniques, no differences in the distribution of the nicks were found in parental DNA from these mutants (unpublished observations). Using colicinogenic cells, it has been possible to separate the repair process from DNA replication and from the formation of concatemeric and other forms containing parental DNA. The observation of repair in infected colIb+ cells implies that the inability to synthesize class II and class III phage RNA and proteins is neither the result of incomplete DNA injection nor of plasmidinduced degradation of the viral genome.
Under the conditions used here, sealing is not complete and residual amounts of the various fragments remain throughout a viable infection. Failure to completely repair all the DNA molecules may arise from several causes. Repair cannot occur if defective viral particles adsorb to the cell but do not inject *their DNA. This material would still be recovered with the infected cells and detected by the sensitive assay used. Furthermore, at high MOI some genomes may be excluded from a lin mited number of membrane sites at which repair may occur.
All of the major bands, defined by Hayward as fragments which occur in every phage genome (5) , participate in the sealing reaction. The minor bands do not appear to change during infection. Hayward has proposed that these minor * For the data in this table, phage were adsorbed for 10 min at 00 followed by 5 min at 37°. We have recently found that this adsorption procedure gives a higher yield of infectious centers and a greater degree of repair. Under these conditions, the onset of repair occurs slightly earlier in all infected cultures. bands are not uniformly present in the population and that not every phage has every minor component (5) . They all may be contained by a small number of defective particles in the phage preparation. Because the minor components do not appear to be joined to other fragments in vivo, it is not likely that they are metabolically functional.
It cannot be determined from the evidence presented here whether the enzyme(s) responsible for repair is of viral or V cellular origin. T5 has not been shown to code for its own ligase as do both T4 and T7 (21, 22) . Since (23) . The large DNA species observed by them may be identical to the linear dimer containing parental DNA that was described here. By examining parental phage DNA from cells infected at the nonpermissive temperature, it may be possible to determine the exact roles that both the enzyme and the dimer play in the maturation of T5 DNA.
The function of the nicks in T5 DNA remains unknown. It has been suggested that they govern the biphasic process by which T5 transfers its DNA to a host cell. The nicks may provide the signals to stop injection after the fst segment has penetrated the cell (7). Riva et al. have shown that a nicked template is required for the synthesis of normal quantities of late T4-specific RNA and that ligation exerts negative control on late RNA synthesis (24) . Thus, T4 regulates transcription by modifying both the viral template and the host RNA polymerase (25) . Beckman et al. have found that T5 uses the host RNA polymerase throughout the infectious cycle (26) . The RNA polymerase purified from T5-infected cells late in the infection has transcriptional prolverties which are similar to those of the RNA polymerase isolated from uninfected cells (C. S. Szabo and R. W. -Moyer, unpublished results). Nevertheless, T5 actively regulates transcription of its genome (27) . Closing the nicks in the T5 DNA may create new promoter sites for RNA polymerase. Ordered sealing would provide a mechanism for positive, temporal regulation of the synthesis of the different classes of phage-specific RNA.
The DNAs extracted from herpesvirus and from Bacillus subtilis phages PBS-1, SP8, and SP50 also have been found to contain single-strand interruptions in one or both strands (28) (29) (30) . Yamagishi has presented data which suggest that the interruptions in parental PBS-1 DNA are repaired shortly after infection and reintroduced later in infection (29) . It is unknown whether the breaks in the other duplex DNA molecules are repaired in vivo, but repair would provide a sensitive mechanism for the regulation of viral processes.
In vitro studies with systems using unrepaired T5 DNA as template must be reexamined in view of the above results.
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